According to the National Health and Nutrition Examination Survey, 1 in 11 Americans will experience a kidney stone event, whether it be incidental or symptomatic. The 10-year recurrence rate in first-time stone formers is 50%.[@bib1] Recurrent episodes and subsequent treatment(s) can cause significant morbidities and distress through missed work and reduced quality of life. The treatment of kidney stone disease was estimated to exceed 10 billion US dollars annually.[@bib2] Thus, the impetus is on clinicians to identify modifiable factors to prevent future stone events.

The American Urological Association (AUA) recommends that repeat and initial stone formers complete 24-hour urine collections for metabolic evaluation to better assess risk factors and monitor treatment progress.[@bib3], [@bib4], [@bib5] Nephrolithiasis has a complex pathogenesis influenced by metabolism, genetics, pharmacotherapy, and systemic conditions.[@bib3] Low urine volumes have been associated with an increased prevalence of kidney stone disease in large cohort studies.[@bib6] A key to reducing recurrence risk is achieving adequate daily urine volume.[@bib3] It has been found that increasing urine volume can reduce the 5-year stone recurrence rate from 27% to 12.1%.[@bib7]

Twenty-four-hour urine collections can be used to identify and tailor treatment for patients at risk of recurrent kidney stone formation. There is potential to reduce overtreatment due to nonspecific "generalized" advice to patients who may not need specific interventions to prevent recurrence based on their individual physiology, which may change over time. Although studies have used 24-hour urine collections to look at the importance of urine volume in stone recurrence, little has been published about factors that might predict patient's ability to achieve the AUA's recommended daily urine volume. This study aims to identify factors that may predict patient's ability to achieve 2.5 L urine a day in a large cohort of metabolically evaluated kidney stone formers.

Patients and Methods {#sec1}
====================

After obtaining institutional review board approval, a retrospective chart review was performed using a database from the Mayo Clinic's stone clinic in Arizona that contained 3500 twenty-four-hour urine collections from January 1, 2007 to May 31, 2017. The initial metabolic evaluation of urine included patients who underwent 2 consecutive 24-hour urine collections (henceforth referred to as the "initial collection") and were then followed with a subsequent single 24-hour urine collection (henceforth referred to as the "subsequent collection"). Parameters for the 2 initial collections were averaged for each patient. The subsequent collection was taken 6 weeks to 1.5 years after the initial collection, depending on the clinical scenario. Collections were excluded if any data were missing.

The first analysis evaluated and compared the following variables: age, sex, body mass index (BMI; calculated as the weight in kilograms divided by the height in meters squared (kg/m^2^)), diuretic use, comorbidities related to fluid restriction (hyponatremia, cirrhosis, and heart failure), and day of the week the collection was performed with respect to those who achieved or did not achieve a daily urine volume of 2.5 L on their *initial* collection. The first cohort included 1100 patients.

The second analysis evaluated and compared the same variables with respect to those who achieved or did not achieve a daily urine volume of 2.5 L on their *subsequent* collection despite stone clinic recommendations. To be included in the second analysis, patients needed a subsequent collection (as defined above) and an average daily urine volume of less than 2.5 L on their *initial* collection. This second cohort involved 273 patients.

Creatinine per kilogram (Cr24/Kg) was evaluated in all collections to determine whether patients undercollected or overcollected. Inadequate collections were less than 15 mg/kg in women and 18 mg/kg in men. Excess urine collections were more than 20 mg/kg in men and women. These are the recommended values to determine inadequate or excess urine collection.[@bib8], [@bib9], [@bib10]

To detect differences between the urine output groups, categorical variables were analyzed using the chi-square test and continuous variables were analyzed using the nonparametric Kruskal-Wallis test. Analyses were performed using SAS version 9.4 of the SAS System for UNIX (SAS Institute). Data were then reported as mean ± SD.

Results {#sec2}
=======

Initial Collection {#sec2.1}
------------------

In the first analysis, 1100 patients had their initial 24-hour collections analyzed. There were 274 initial collections that achieved at least 2.5 L/day output as compared with 826 that did not. [Table 1](#tbl1){ref-type="table"} depicts each variable that was evaluated with respect to achieving 2.5 L/day urine on the initial collection. Stone formers with a higher BMI (28.7±6.8 kg/m^2^) were more likely to achieve the 2.5 L/day goal than were those with lower BMI (27.7±6.3 kg/m^2^) (*P*=.025). Patients with increased urine sodium (203.7±90.3 mmol/dL), phosphorus (1±0.3 g/d), calcium (256.0±135.5 mg/d), urea nitrogen (12.7±4.2 g/d) levels and protein catabolic rate (1.1±0.3 g/kg per day) were more likely to achieve the 2.5 L/day goal (*P*\<.0001). In addition, patients who achieved 2.5 L/day urine volume on their initial collection had decreased supersaturation of calcium oxalate (SSCaOx) (4.6±2.4) (*P*\<.0001), likely reflective of their increased urine production. Collections were not more likely to be performed on a weekend. Younger age was found to be associated with 2.5 L/day urine volume, whereas diuretic use and comorbidities requiring fluid restriction were not associated with the ability to achieve the recommended daily urine volume on the initial collection. Day of collection did not seem to influence the successful volume results, and most consecutive urine collections were done on Sunday and Monday in both groups. In terms of adequate urine collection, the mean Cr24/Kg for both cohorts were above the minimum required (15 mg/kg for women and 18 mg/kg for men) ([Table 2](#tbl2){ref-type="table"}).Table 1Variables Associated With Achieving 2.5 L/day Urine Volume on the Initial Collection[a](#tbl1fna){ref-type="table-fn"}[b](#tbl1fnb){ref-type="table-fn"}VariableUrine volume*P* value\<2.5 L on the initial collection (n=826)≥2.5 L on the initial collection (n=274)Sex (n=1100).013[c](#tbl1fnc){ref-type="table-fn"} Female (n=448)354/826 (42.9)94/274 (34.3) Male (n=652)472/826 (57.1)180/274 (65.7)Age (y)58.2±15.156.7±13.3.016[c](#tbl1fnc){ref-type="table-fn"}BMI (kg/m^2^)27.7±6.328.7±6.8.025[c](#tbl1fnc){ref-type="table-fn"}Urine dietary factors (n=1100) Urine sodium level (mmol/dL)151±68.5203.7±90.3\<.0001[c](#tbl1fnc){ref-type="table-fn"} Urine phosphorus level (g/d)0.9±0.31.0±0.3\<.0001[c](#tbl1fnc){ref-type="table-fn"} Urine calcium level (mg/d)196.0±110.4256.0±135.5\<.0001[c](#tbl1fnc){ref-type="table-fn"} SSCaOx7.6±3.54.6±2.4\<.0001[c](#tbl1fnc){ref-type="table-fn"} UUN level (g/d)10.0±4.012.7±4.2\<.0001[c](#tbl1fnc){ref-type="table-fn"} PCR (g/kg per day)1.0±0.31.1±0.3\<.0001[c](#tbl1fnc){ref-type="table-fn"}Comorbidities requiring fluid restriction (n=1046) Heart failure26/782 (3.3)7/264 (2.7).59 Hyponatremia32/782 (4.1)17/264 (6.4).12 Cirrhosis13/782 (1.7)3/264 (1.1).55Medications at presentation (n=1043) Hydrochlorothiazide28/781 (3.6)7/262 (2.7).48 Chlorthalidone235/781 (30.1)85/262 (32.5).47 Indapamide8/781 (1.0)3/262 (1.1).87 Amiloride9/781 (1.2)4/262 (1.5).64 Furosemide26/781 (3.3)4/262 (1.5).13 Bumetanide0/781 (0)1/262 (0.4).084 Torsemide1/781 (0.1)2/262 (0.8).097 Potassium citrate113/781 (14.5)33/262 (12.6).45 Sodium bicarbonate3/781 (0.4)1/262 (0.4)\>.99Collection day.36 Sunday227/826 (27.5)77/274 (28.1) Monday165/826 (20.0)60/274 (21.9) Tuesday141/826 (17.1)38/274 (13.9) Wednesday112/826 (13.6)48/274 (17.5) Thursday103/826 (12.5)34/274 (12.4) Friday50/826 (6.1)12/274 (4.4) Saturday28/826 (3.4)5/274 (1.8)Weekday vs weekend.77 Weekday571/826 (69.1)192/274 (70.1) Weekend255/826 (30.9)82/274 (29.9)[^1][^2][^3]Table 2Creatinine per Kilogram (Cr24/Kg) on the Initial Collection[a](#tbl2fna){ref-type="table-fn"}VariableUrine volume*P* value\<2.5 L on the initial collection≥2.5 L on the initial collectionMen20.0±4.722.1±4.6\<.0001[b](#tbl2fnb){ref-type="table-fn"}Women16.8±4.618.4±4.5.0020[b](#tbl2fnb){ref-type="table-fn"}[^4][^5]

Subsequent Collection {#sec2.2}
---------------------

Analysis of subsequent urine collections included 273 patients. Patients who achieved the goal urine volume on their subsequent collection achieved higher urine volumes on their initial collection than did patients who did not achieve the goal (1.9±0.4 L vs 1.5±0.5 L; *P*\<.0001). [Table 3](#tbl3){ref-type="table"} summarizes the results for these patients. Patients who initially had higher urine sodium (168.0 mmol/dL vs 147.2 mmol/dL *P*=.025) and calcium (223.3 mg/d vs 185.9 mg/d; *P*=.0016) levels were more likely to achieve the goal urine volume on their subsequent collection. There was no difference in the mean change in either of these parameters (*P*=.16). There was no difference in change in urine calcium level between the 2 groups; however, patients who achieved 2.5 L/day urine volume on their subsequent collection had decreased SSCaOx (7.0 vs 3.1) as compared with those who did not (8.0 to 6.6) (*P*\<.0001), as would be expected.Table 3Variables Associated With Achieving 2.5 L/d Urine Volume on the Subsequent Collection[a](#tbl3fna){ref-type="table-fn"}[b](#tbl3fnb){ref-type="table-fn"}VariableUrine volume*P* value\<2.5 L on the subsequent collection (n=165)≥2.5 L on the subsequent collection (n=108)Sex (n=273).67 Female (n=118)73/165 (44.2)45/108 (41.7) Male (n=155)92/165 (55.8)63/108 (58.3)Age (y)60.8±14.459.4±14.4.40BMI (kg/m^2^) Initial collections27.5±6.228.0±6.1.45 Subsequent collection27.2±6.328.4±6.1.12 Change−0.2±2.30.0±1.5.93Insurance.69 Medicare79/156 (50.6)51/106 (48.1) Not Medicare77/156 (49.4)55/106 (51.9)Urine volume Initial collections1.5±0.51.9±0.4\<.0001[c](#tbl3fnc){ref-type="table-fn"} Subsequent collection1.7±0.53.3±0.5\<.0001[c](#tbl3fnc){ref-type="table-fn"} Change0.3±0.51.4±0.6\<.0001[c](#tbl3fnc){ref-type="table-fn"}Urine dietary factors Urine sodium level (mmol/dL) Initial collections147.2±54.4168.0±66.3.025[c](#tbl3fnc){ref-type="table-fn"} Subsequent collection159.5±67.7191.2±80.1.0026[c](#tbl3fnc){ref-type="table-fn"} Change12.3±58.223.2±67.2.16 Urine phosphorus level (g/d) Initial collections0.8±0.30.9±0.3.052 Subsequent collection0.8±0.30.9±0.3.22 Change0.0±0.30.0±0.3.28 Urine calcium level (mg/d) Initial collections185.9±99.1223.3±102.3.0016[c](#tbl3fnc){ref-type="table-fn"} Subsequent collection173.0±96.8197.2±112.0.15 Change−12.9±78.0−26.1±98.0.1806 SSCaOx Initial collections8.0±3.37.0±2.7.012[c](#tbl3fnc){ref-type="table-fn"} Subsequent collection6.6±3.23.1±1.5\<.0001[c](#tbl3fnc){ref-type="table-fn"} Change−1.4±3.5−3.9±2.4\<.0001[c](#tbl3fnc){ref-type="table-fn"} UUN level (g/d) Initial collections9.4±3.311.0±4.0.0055[c](#tbl3fnc){ref-type="table-fn"} Subsequent collection9.9±3.811.9±4.1\<.0001[c](#tbl3fnc){ref-type="table-fn"} Change0.5±2.61.0±3.3.079 PCR (g/kg per day) Initial collections0.9±0.21.0±0.3.0016[c](#tbl3fnc){ref-type="table-fn"} Subsequent collections1.0±0.31.1±0.2\<.0001[c](#tbl3fnc){ref-type="table-fn"} Change0.1±0.20.1±0.3.43Comorbidities (n=262) Heart failure6/156 (3.8)4/106 (3.8).98 Hyponatremia9/156 (5.8)0/106 (0)\<.05[c](#tbl3fnc){ref-type="table-fn"} Cirrhosis3/156 (1.9)3/106 (2.8).63Medications at presentation (n=262) Hydrochlorothiazide7/156 (4.5)2/106 (1.9).26 Chlorthalidone48/156 (30.8)44/106 (41.5).074 Indapamide3/156 (1.9)1/106 (0.9).53 Amiloride4/156 (2.6)2/106 (1.9).72 Furosemide5/156 (3.2)2/106 (1.9).52 Bumetanide0/156 (0)1/106 (0.9).22 Torsemide1/156 (0.6)0/106 (0).41 Potassium citrate31/156 (19.9)31/106 (29.2).080 Sodium bicarbonate1/156 (0.6)0/106 (0).41Collection day.59 Sunday13/165 (7.9)6/108 (5.6) Monday48/165 (29.1)34/108 (31.5) Tuesday30/165 (18.2)22/108 (20.4) Wednesday25/165 (15.2)16/108 (14.8) Thursday26/165 (15.8)12/108 (11.1) Friday20/165 (12.1)12/108 (11.1) Saturday3/165 (1.8)6/108 (5.6)Weekday vs weekend.71 Weekday149/165 (90.3)96/108 (88.9) Weekend16/165 (9.7)12/108 (11.1)[^6][^7][^8]

There was an increase in mean urine urea nitrogen level (11.9±4.1 g/d) and protein catabolic rate (1.1±0.2 g/kg per day) in the subsequent collections of those who achieved the goal urine volume (*P*\<.0001). Patients with a documented history of hyponatremia (sodium concentration \<135 mmol/L) were less likely to achieve the goal urine volume on their subsequent collection (5.8% vs 0%; *P*=.0119).

The day of the week did not seem to influence the ability to produce 2.5 L/day, and both cohorts were more likely to complete urine collections during weekdays. Age, sex, diuretic use, and socioeconomic factors such as employment or Medicare status were also not found to have a significant effect on daily urine volume of subsequent collections.

The mean Cr24/Kg for men and women in both cohorts were above the minimum for adequate urine collection (15 mg/kg for women and 18 mg/kg for men) ([Table 4](#tbl4){ref-type="table"}).Table 4Creatinine per Kilogram (Cr24/Kg) on the Subsequent Collection[a](#tbl4fna){ref-type="table-fn"}VariableUrine volume*P* value\<2.5 L on the subsequent collection≥2.5 L on the subsequent collectionMen Initial collection18.7±4.020.5±4.6.021[b](#tbl4fnb){ref-type="table-fn"} Subsequent collection19.8±4.521.0±4.8.13 Change1.2±2.80.5±3.5.52Women Initial collection16±4.416.8±4.7.66 Subsequent collection17.0±4.618.1±5.3.38 Change0.9±3.51.4±3.0.77[^9][^10]

Discussion {#sec3}
==========

This study analyzed a large data set of 24-hour metabolic urine collections for urinary stone disease, aiming to determine factors that predict success in achieving the AUA's recommended urine volume of 2.5 L/day to reduce the risk of stone recurrence. The first analysis assessed initial urine collections of patients who did not receive any formal evaluation or counseling before urine collection at our institution. This was followed by a second analysis of the subsequent urine collection in those who failed to initially obtain 2.5 L/day urine output.

Overall, men were more likely to achieve a urine volume of 2.5 L/day or more on their initial collection. This finding is consistent with multiple studies.[@bib8], [@bib11] When adherence rates of components of nephrolithiasis prevention therapy were evaluated, van Drongelen et al[@bib11] reported that men were more compliant with high fluid intake, but noncompliant with a specific diet. In addition, women had lower adherence with medication and high fluid intake. This study also revealed that women were less likely to achieve goal urine volumes on their initial and subsequent collections. A possible explanation for this is that women may undercollect because of anatomical and mechanical constraints when providing urine collections.[@bib12] Given the mean age of patients in this study (56-60 years) and the high rate of incontinence in this demographic (22.4%-24.7%), this may have contributed to the observed differences.[@bib13], [@bib14] However, based on the parameters for undercollection, the average urine volume of collections in all study groups were more than 15 mg/kg for women and 18 mg/kg for men. Although urine collections may have been adequate, these results and the aforementioned studies emphasize the importance of considering sex-specific advice with regard to fluid modification in stone formers.

Patients with a higher BMI were associated with increased initial urine volume in this study population, which is consistent with previous studies. One hypothesis is that these patients have a higher oral intake of food and drink contributing to higher urine volume, which could explain the high urine volume on the initial presentation to the clinic.[@bib15] It may also be that increasing BMI is associated with increasing urine metabolite levels (increased urine sodium, oxalate, calcium, and uric acid levels as well as decreased pH) in both men and women, leading to increased urine osmolality and subsequently higher urine volume.[@bib16], [@bib17], [@bib18], [@bib19] This increased urine osmolality is likely due to the resting anabolic state of obesity, resulting from an indulgent diet, especially with increased uptake in sodium and animal protein.[@bib20], [@bib21] As such, this increased urine osmolality leads to an obligatory increase in thirst, allowing adequate water loss to excrete excess solutes.[@bib22]

Patients who achieved 2.5 L/day urine volume on either initial or subsequent collections had increased urine sodium, calcium, urea nitrogen levels; increased protein catabolic rate; and decreased SSCaOx. The association of high urine volume with increased urine metabolite levels, especially sodium, may be explained by a change in the physiological osmotic trigger for thirst, resulting in increased fluid and salt intake to maintain serum osmolality. Although increased urine volume was associated with high urine osmolality, SSCaOx significantly decreased with patients who achieved at least 2.5 L/day urine volume, thus decreasing the risk of stone recurrence. After 5 years, Borghi et al[@bib7] found that stone formers treated with increased fluid intake---to a goal urine volume of 2 L/day---had a significant decrease in SSCaOx and lower incidence of stone episodes than did those not treated with increased fluid intake recommendations.

Those with an initial urine volume of less than 2.5 L/day had their subsequent collection analyzed to assess for improvement. Almost 60% of the cohort was unable to achieve goal urine volume, despite receiving education and follow-up in the clinic. Of note, the stone clinic has extensive experience counseling patients with regard to urine volume, as the authors have recommended a goal urine production of at least 2.5 L/day before incorporation into AUA guidelines. The failure to achieve urine volume recommendations could be due to poor adherence, which van Drongelen et al[@bib11] found to be a major factor in efficacy failure of increasing urine volume, eating specific diets, and taking medications. They noted that adherence rates were based on patients' knowledge about their therapy. They also suggested that adherence increases in those who have required more treatments or had more stone-related symptoms, leading to more frequent follow-up visits. This could indicate that patients with a higher risk profile---identified in stone clinic---may be more compliant with and/or motivated to adhere to their treatment regimen. Furthermore, evidence exists in the literature suggesting that patients have difficulty sustaining short-term changes over the long-term.[@bib23], [@bib24]

Upon initial collections, a younger age (56.7 years vs 58.2 years; *P*\<.05) was found to be associated with 2.5 L/day urine volume. The study by Khambati et al[@bib8] had similar results, in which patients older than 58 years were less likely to be compliant with increased fluid intake and increased urine volume. They attribute this to the increased prevalence of bladder outlet obstruction, overactive bladder, and cardiovascular comorbidities that may worsen in the setting of increased fluid intake. In addition, the elderly population experiences reduction in thirst even in the setting of dehydration and physiological changes in fluid and electrolyte homeostasis, affecting their fluid intake as well as excretion.[@bib25] Therefore, age may serve as a barrier to achieving 2.5 L/day urine volume.

There were several limitations of this study. Patients had a relatively short follow-up after modification of fluid intake; however, this allowed us the most complete data set. Furthermore, only the immediate subsequent visit after the initial collection was included. With expanded analysis to look at every subsequent urine collection, further improvements may have been seen for patients compliant with stone clinic follow-up. Stone episodes and surgical interventions for stone disease between urine collections were not incorporated into this analysis. It is also acknowledged that urine collections provide just a snapshot of a patient's metabolism on that day. We did not conduct any surveys to ask patients whether their urine collections reflected their usual fluid and dietary habits or if they changed for the test. Future research can trend patients' subsequent urine volumes to see if they improve over a longer span of time with continued follow-up in a stone clinic. The clinical effect of these fluid intake modifications on stone recurrence rates in the study cohort was not assessed. Although it is widely known that increasing fluid intake decreases risk of kidney stones, it is possible that in the cohort who achieved 2.5 L/day urine volume, there were still stone recurrences because stone formation is multifactorial.[@bib7] Height and weight were self-reported, possibly making BMI values inaccurate.

Conclusion {#sec4}
==========

Low urine volume was the most common modifiable risk factor in this study population. Men and patients with elevated BMI were more likely to achieve 2.5 L/day urine volume. Although increased urine volume led to an increased excretion of urine metabolites, SSCaOx significantly decreased in patients who achieved 2.5 L/day urine volume, which has been proven to decrease the risk of stone recurrence. Overall, predictive factors for adequate urine volume include increased fluid intake, higher salt and animal protein diet, elevated BMI, and male sex. Patients with these factors may require other interventions or recommendations besides just increase fluid intake, whereas patients without the positive predictive factors may benefit from more intensive fluid interventions to achieve 2.5 L/day urine production.
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[^1]: BMI = body mass index; PCR = protein catabolic rate; SSCaOx = supersaturation of calcium oxalate; UUN = urine urea nitrogen.

[^2]: Data are presented as mean ± SD or as number/total number (percentage).

[^3]: Any *P* value less than .05.

[^4]: Data are presented as mean ± SD.

[^5]: Any *P* value less than .05.

[^6]: BMI = body mass index; PCR = protein catabolic rate; SSCaOx = supersaturation of calcium oxalate; UUN = urine urea nitrogen.

[^7]: Data are presented as mean ± SD or as number/total number (percentage).

[^8]: Any *P* value less than .05.

[^9]: Data are presented as mean ± SD.

[^10]: Any *P* value less than .05.
